Summary-The repeated intermittent administration of amphetamine (AMP) produces an enduring enhancement in the response of dopamine (DA) systems in the brain to a subsequent "challenge" with amphetamine. However, former amphetamine addicts are not only hypersensitive to amphetamine, but also to "physical or psychologtical stress". This suggests that sensitization to amphetamine may change the response of DA neurons in brain to subsequent stress. To explore this idea, the effects of footshock stress on regional metabolism of DA in brain, and on the concentrations of plasma P-endorphin and N-acetylated P-endorphin, were studied in rats previously exposed to amphetamine or saline. It was found that: (1) Prior treatment with amphetamine produced enduring (at least 7 days) changes in the dopaminergic response to footshock in the medial frontal cortex, hypothalamus, dorsolateral striatum and nucleus accumbens. Generally, rats pretreated with amphetamine showed a greater initial reduction in concentrations of DA in response to footshock, and a greater elevation in concentrations of metabolites of DA and/or metabolite/transmitter ratios, compared to nonhandled control rats. (2) In some regions of the brain repeated injections of saline produced changes in the response to subsequent footshock that were comparable to those produced by amphetamine. (3) Prior treatment with amphetamine enhanced the release of b-endorphin and N-acetylated B-endorphin from the pituitary elicited by footshock stress. It is concluded that repeated intermittent treatment with amphetamine or stress (injections of saline) produce enduring changes in the response of DA neurons and the pituitary to subsequent stress. These changes may be responsible for the hypersensitivity to stress reported in former amphetamine addicts, and in rats previously sensitized to amphetamine.
The repeated, intermittent administration of amphetamine (AMP) produces a very long-lasting hypersensitivity to the motor stimulant effects of amphetamine, a phenomenon called behavioral sensitization or reverse tolerance. For example, the stereotypy, locomotion and rotational behavior produced by amphetamine appear more rapidly and are more intense and/or persistent in rats that have been exposed to amphetamine previously than in those receiving amphetamine for the first time (Echols, 1977; Klawans and Margolin, 1975; Magos, 1969; Robinson, 1984; Segal and Mandell, 1974) . Research on the neural changes accompanying behavioral sensitization has focussed on mesotelencephalic dopamine (DA) systems, largely because amphetamine induces release of DA, and many of the behavioral responses that are sensitized by amphetamine are thought to be mediated by mesotelencephalic DA systems (Robinson and Becker, 1986) . Although the neurological effects of prior treatment with amphetamine are not always obvious *To whom correspondence should be addressed.
during "steady-state" (resting) conditions, changes have been found following a subsequent "challenge" with amphetamine.
For example, behavioral sensitization is accompanied by an enduring enhancement in the amphetamine-stimulated release of endogenous DA from striatal tissue in vitro (Kolta, Shreve, De Souza and Uretsky, 1985a; Robinson and Becker, 1982; Robinson, Becker and Presty, 1982) and the utilization of DA in the nucleus accumbens and medial frontal cortex (Kolta, Shreve and Uretsky, 1985b; Nishikawa, Mataga, Takashima and Toru, 1983; Robinson, Becker, Moore, Castaneda and Mittleman, 1985;  for review see Robinson and Becker, 1986) .
Sensitization to amphetamine has also been described in humans (e.g. former AMP addicts) and is characterized by an enduring hypersensitivity to the psychotomimetic effects of amphetamine (Sato, Chen, Akiyama and Otsuki, 1983; Utena, 1974; Segal, Geyer and Schuckit, 1981 for review). However, there are anecdotal clinical reports that former amphetamine addicts are not only hypersensitive to amphetamine, but also to "physical or psychological stress". In fact, it has been suggested that stress may precipitate a psychotic episode in up to 20-25% of former amphetamine addicts (Wtena, 1966; 1974) . In addition, Antelma~~ Eichler, Black and Kocan (1980) found that rats previously sensitized to amphetamine are more sensitive to the behavior-activating effects of subsequent tail-pinch stress. These reports suggest that sensitization to amphetamine not only produces hypersensitivity to a subsequent challenge with amphetamine, but also to a wide range of environmental stimuli capable of producing a "stress ~espon~~~'.
There is cansiderable evidence for an association between sensitization to amphetamine and stress (Antelman and Chiodo, 1983 for review). For example, both amphetamine and environmental stresses activate the pituitary-adrenal system, as indicated by increased plasma levels of cort~~ostero~~ and catecho~~rn~n~s (A~t~lm~n and Chiodo, 1983; Knych and Eisenberg, 1979) ; and both increase utilization/ release of DA in mesotelencephalic and hypothalamic DA systems (Curzon, Hutsan and Knott, 1979; Fadda, Argiolas, Melis, Tissari, Onali and Gessa, 1378: Ikeda, Hirata, Fujita, Sh~~~ato, Takahas~~, Uagyu and Nagatsu, 1984; Thierry, Tassin, Blanc and Glowinski, 1976; Dunn and Kramarcy, 1984 for review). Furthermore, repeated intermittent exposure to stress, like repeated intermittent treatment with amphetamine, produces an enduring enhancement in the stereotypy (Antelman et al., 1980; Anteim~~ Eichler, I979) , ~o~ornot~o~ (Herman, Stinus and LeMoaE, 1984) or rotational behavior (Robinson, Angus and Becker, 1985) produced by a subsequent injection of amphetamine.
Both prior stress and prior treatment with amphetamine also enhance the release of DA in the striatum stimulated by amphetamine in ~jt~~ (Willowy Robinson and Becker, 1986 ). Therefore, there is a great deal of evidence showing that prior exposure to either amphetamine or stress influences the effects of a subsequent treatment with amphetamine on DA systems in brain. However, whether sensitization to amphetamine alters the respanse of DA neurons or the hypothalamo-pituitary~adrenal (HPA) axis to subsequent stress is not known and is the focus of this report.
METHODS
Adult female Holtzman rafs (Madison, Wis~onsi~) were maintained on a controlled light cycle (14 : 10 hr, light: dark; lights off at 8 p.m.) with food and water freely available.
All animals were ovariectomized (OVX) under ether anesthesia and allowed 2 weeks to recover from surgery, prior to the start of the experiment. Female rats were used because they show much more robust sensitization than males (Camp and Robinson, 1985; Robinson, 1984; Robinson et al., 1982) . Ovariectomized female rats were used to preclude the variation in activity of DA known to occur during the estrous cycle of rats (Becker and Ramirez, 1981; Becker, Robinson and Lorenz, 1982) .
Two weeks after ovariectomy the animals were randomly assigned to 1 of 3 groups. One group of animals received an injection of 0.9% saline (1 ml/kg, i.p.) once every 3-4 days for a total of 10 injections (saline-pretreated controls; SAL). A second group was left ~~djst~r~d in their cages during this time ~nonh~~dl~d controls; NH). The third group received an intraperitoneal injection of 3.0 mg/kg oi' iiamphetamine sulfate once every 3-4 days for a total of 10 injections (AMP sensitized; AMP). Seven days after the last injection of amphetamine or saline adoring which time the animals were left undisturbed), the groups were further subdivid~d~ such that immediately before being killed. animals from each group received either: (1) no footshock;
(2) 5 min of discontinuous footshock (one 1.3 mA shock of 0.5 set duration every 10 set; i.e. 30 shocks) or (3) 30 min of discontinuous foots~ock (i.e. 180 shocks). Immediately after footsho~k (< IO set), or ~~itl~in 20s~ of being removed from its home cage, each animal was killed by decapitation and its brain removed (~30 set) and placed in ice-cold saline. After the brain had cooled (20-30sec) it was placed in a chilled cutting block and slices of brain obtained as described by HefFner, Hartman and Seiden (~9~0). The slices were dissected in ice-cold saline as described by Heffner et al. (1980) , but with the following modifications:
(1) Only the anteromedial frontal cortex anterior to the genu of the corpus callosum was removed (the dorsolateral cortex was discarded).
(2) The nucleus ac~~rnbe~s was removed with a 2.0 mm diameter micropun~h.
(3) The striatum was divided into dorsolateral and ventromedial segments of approximately equal size by a diagonal cut, running from the ventral-lateral to dorsal-medial portion of the striatum, outlined on plate 4 in Heffner ef al. (1980) ' Data are reported only for the dorso~ateral segment, which receives a strong input from the motor cortex and corresponds to the "non-limbic striatum" described by Nauta. and Domesick (1984) . (4) The hypothalamus was removed from a slice that combined plates 5 and 6 in Heffner et al. (1980) . In addition, trunk blood was collected in ethylene diamine tetraa~eti~ acid (EDTA) va~ut~iner tubes, immediately centrifuged and the plasma acidified. It was than frozen at -8O'C until subsequent extraction,
Immediately
after dissection pieces of brain tissue were weighed, placed in tubes containing 0.05 N perchloric acid and dihydroxybenzylamine (DHBA) as an internal standard, and then homogenized. Two different concentrations of the internal standard were prepared. Pieces of striatal tissue were homogenized in 300 ~1 of a solution that contained 400 ng DHBA/ml. Frontal cortex, nucleus accumbens and hypothalamus were homogenized in 250 ,ul of a solution containing 200 ng DHBA/ml. A 6-point standard curve was prepared with each of the two internal standard solutions. Samples were centrifuged at 5000 x g for 45 min at 24°C. The supernatant was then filtered through Acre LC3A, 0.45 pm pore filters (Gelman Sciences, Inc., Ann Arbor, Michigan) and stored frozen at -20°C for no more than 2 weeks. Concentrations of DA, dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA) and norepinephrine (NE) in tissue were determined by high performance liquid chromatography with electrochemical detection. The system employed a 1Ocm long, Brownlee reverse-phase, C-18, 5pm column (RP-18) with a 0.1 M citrate/phosphate (3 :2) mobile phase (containing also 0.1 mM EDTA, 40 mg/l octane sulfonate and 6% methanol) with an apparent pH of 3.5. The concentrations of octane sulfonate and methanol were occasionally adjusted to accommodate the age of the column and/or variation and pH adjustments between 3.34.0 made when necessary. The mobile phase was pumped at a rate of 1 ml/min and was not recycled. All peaks eluted within 25-30 min. Concentrations in tissue were expressed per mg wet tissue weight.
Plasma extraction and hormone assays
The plasma was extracted using Sep Pak C-18 (Waters) cartridges following the manufacturer's recommended procedure for arginine vasopressin extraction.
After extraction the samples were lyophilized and stored frozen until assay.
The radioimmunoassay for fl-endorphin was as described by Cahill, Matthews and Akil (1983) for human plasma, with some modifications. Briefly, the antibody was raised in rabbits (Brenda) against fl-endorphin human sequence (h) and used in a final concentration of 1:40,000. The samples and standards (camel sequence fi-endorphin)
were resuspended in 0.1% human serum albumin (HSA; fraction 5, Sigma) in water and acidified with HCl and pH 3.0. The antibody and radiolabelled tracer ([ '2SI]p-endorphin) were added in an assay buffer (150 mM Na phosphate buffer with 0.1% NaCl and 0.3% HSA, pH 8.2). Disequilibrium kinetics were used to increase the sensitivity of the assay and a second antibody precipitation used to separate bound from free b-endorphin. The sensitivity of this assay is 2 fmoles/tube and the IC,, is 12 fmols/tube. The antibody is primarily directed against the midportion of the fl-endorphin molecule. It shows 100% cross-reactivity with p-lipotropin, approximately 80% cross-reactivity with the N-terminal acetylated /?-endorphin [l-3 11, and approximately 50% crossreactivity with the N-acetylated /?-endorphin [l-27] . Samples from animals that received footshock were diluted (1: 5) and all samples were assayed in triplicate.
The N-acetylated /?-endorphin radioimmunoassay used an antibody raised against N-acetylated /I-endorphin [l-31] (Akil, Shiomi and Matthews, 1985) . This antibody shows no cross-reactivity with non-acetylated fi-endorphin, requires the N-acetyltyr-gly-gly sequence for recognition (Akil et al., 1985) and was used in a 1: 8,000 dilution. The radiolabelled tracer was human [1251]N-acetyl /?-endorphin [l-27] and the standards camel N-acetyl p-endorphin [l-31] . The samples and standards were resuspended in 0.1% HSA (pH 3.0); the antibody and tracer were added in the assay buffer that is described above. Again, disequilibrium kinetics were used, and a second antibody technique used to separate bound from free N-acetyl fl-endorphin. The sensitivity of this assay is 10 fmols/tube and the IC,, 70 fmols/tube. All samples were assayed in duplicate with the equivalent of 0.5 ml of plasma in each tube.
Data analysis
The data shown in Table 1 and Figure 1 were analyzed in 3 stages. First, to determine if there was an effect of footshock in control rats, the data for non-handled (NH) and saline (SAL) animals shown in Table 1 were subjected to 2-way analyses of variance (one for each measure), with one factor being group (NH or SAL) and the other minutes of footshock (0, 5 or 30). The results of these analyses were also inspected to determine if the two control groups could be pooled for subsequent comparisons with the amphetamine group (as planned). However, there were a number of instances of significant group effects or interactions and therefore the two control groups were not pooled. Subsequent analyses were conducted on the data illustrated in Figure 1 , in which concentrations in tissue are expressed as a percentage of the appropriate no-footshock control values. To determine if there was any effect of pretreatment with saline 2-way analyses of variance comparing group (NH or SAL) and minutes of footshock (5 or 30) were conducted for each measure. To determine if there was any effect of pretreatment with amphetamine 2-way analyses of variance were used to compare individually each control group with the amphetamine group. The F-values for pretreatment group effects (NH, SAL or AMP) are indicated by Fg, footshock stress effects by Fs, and group footshock stress interactions by Fi. Statistical software were obtained from Human Systems Dynamics, Northridge, California.
RESULTS

A. Catecholamines and metabolites of catecholamines
The effects of footshock on the concentrations of DA, NE and metabolites of DA in the four regions of the brain sampled are illustrated in Table 1 and Figure 1 . Table 1 presents the mean ( + SEM) concentrations of DA and its metabolites in nonhandled (NH), saline-pretreated (SAL) and amphetamine-pretreated (AMP) rats, which received no footshock. 5 min of footshock or 30 min of footshock prior to decapitation.
In Figure 1 the concentations of DA, DOPAC and HVA in tissue, and the DOPAC/DA ratios after 5 or 30 min of footshock are expressed as a percentage of the appropriate no-footshock controls values. For the dorsolateral striatum and nucleus accumbens, all animals had detectable concentrations of HVA. In the medial frontal cortex and hypothalamus, HVA was not detectable in all animals, therefore, only values for DA and DOPAC are reported.
In addition, concentrations of norepinephrine (NE) are reported for the hypothalamus I. The efSect of footshock in control animals (Table I) .
Medial frontal cortex (MFCt_Footshook produced a biphasic effect on concentrations of DA in the medial frontal cortex (Fs = 5.99, P = 0.005) characterized by a 13-19% reduction in concentrations after 5 min of footshock, and then recovery to control levels after 30 min of footshock.
As previously reported, footshock produced a very large increase in concentrations of DOPAC in the medial frontal cortex (Fs = 63.5, P < 0.001). Although with the assay conditions HVA was not detectable in the medial frontal cortex of all animals, footshock clearly influenced concentrations of HVA in the medial frontal cortex [Fig. l(D) ]. In control rats that did not receive footshock, HVA was detectable in only 1 out of 13 rats (7.7%); in those that received 5 min of footshock, HVA was detectable in 5 of 15 rats (33.3%); and in those that received 30min of footshock, HVA was detectable in 13 of 14 rats [92.9%; see Fig Hypothalamus (HYPOt_In contrast to the other regions of the brain, footshock produced a clear elevation in concentrations of DA in the hypothalamus and this was apparent after only 5 min of footshock (Fs = 9.05, P < 0.001). This was accompanied by a large increase (over 190% of control) in concentrations of DOPAC (Fs = 48.7, P < 0.001). Interestingly, footshock produced the opposite effect on NE in the hypothalamus, that is, a progressive decline in concentrations (Fs = 3.91, P = 0.028). Dorsolateral striatum (DL STR)-There were no significant effects of footshock on concentrations of DA or DOPAC in the dorsolateral striatum of control animals, although the effects on DA approached significance (P = 0.07). However, there was a highly significant change in concentrations of HVA (Fs = 10.4, P < O.OOl), which was characterized by no change (SAL) or a decline (NH) after 5 min of footshock and then elevation above baseline levels after 30 min of footshock (especially in SAL rats). Nucleus accumbens (ACCtThere was no effect of footshock on concentrations of DA in the nucleus accumbens of control rats, but footshock did produce a highly significant and large increase in concentrations of DOPAC (Fs = 12.03, P < 0.001) and HVA (Fs = 41.4, P < 0.001). In summary, footshock produced an increase in the metabolism of DA in all the regions of the brain sampled in control animals and there was generally a tendency for greater changes in saline-pretreated than in non-handled control animals (see below).
2. The effect of pretreatment condition (SAL or AMP; Fig. 1 ).
Medialfrontal cortex-Figure l(A) shows that the pretreatment condition had a significant effect on footshock-induced changes in concentrations of DA in the medial frontal cortex (expressed as a percentage of the no-footshock control group). The two control groups did not differ, but rats pretreated with amphetamine showed a greater reduction in concentrations of DA after 5 min of footshock than either non-handled (Fi = 5.7, P = 0.023) or rats treated with saline (Fg = 10.7, P < 0.001; Fi = 3.74, P = 0.059). The interactions indicate that concentrations of DA were very similar in all 3 groups after 30 min of footshock. The pretreatment conditions also influenced footshock-induced changes in concentrations of DOPAC [ Fig. l(B) ]. Although the nonhandled and amphetamine groups did not differ, saline-treated animals showed a greater elevation in DOPAC after 30 min (but not 5 min) of footshock than either non-handled (Fi = 5.17, P = 0.03) or rats given amphetamine (Fi = 6.9, P = 0.012).
Pretreatment
&o~ditio~ also had an interesting effect on the DOPAC/DA ratios [ Fig. l(C) ]. Again, the saline and non-handled groups did not differ on this measure, although there was a nonsignificant tendency for larger DCIPAC/BA ratios in salinetreated rats after 30min of footshock (R = 3.53, P = 0.07). However, rats pretreated with amphetamine differed from both non-handled (Ei' = 5.05, P = 0.03) and saline-treated rats (Fi = 17.6, P -=z 0.001). After 5 min of footshock amphetaminetreated rats had significantly larger ~~PA~~DA ratios than either non-handles (P L= 0.027) or salinetreated rats (P = 0.026). After 30 min of footshock the amphetamine group did not differ from the non-handled group. But because DOPAC/DA ratios declined in animals pretreated with amphetamine, and increased dramatically in saline-treated rats [ Fig. l(C) ], they were greater in the saline than in the amphetamine group (P = 0.003) following 30 min of footshock.
Hypothalamus-There was no hint of a difference between the two control groups (NH, SAL) on any measure of DA activity in the hypothalamus.
However, pretreatment with arn~~etam~~e did change the do~aminergi~ response to footsbo~k in hypothalamus [Figs l(E) , W) and (CT)]. rootstock resulted in s~g~ifi~ant~y smaller ~o~~~t~at~o~s of DA in amphetamine-pretreated than in saline-pretreated rats (Fg = 7.65, P = 0.009). The difference between non-handled and amphetamine groups did not quite reach statistical significance (Fg = 3.94, P = O.OSS), probably because of the relatively small number of animals in the non-handled group. The 3 groups did not differ in concentrations of DOPAC. However, because of the smaller concentrations of DA in the amphetamine group there was a significant effect of pretreatment with ampb~tamin~ on DOPAC/DA ratios.
After footsho~k rats treated with amphetamine had larger DOPAC~~A ratios than salinetreated or non-handled rats (Fg = 5.85, P = 0.021), although again the difference between the nonhandled and amphetamine group was just below the 0.05 level of significance (Fg = 3.93, P = 0.056). Dormlateral striatum--Pretreatment with both saline and amphetamine influenced the dopaminergic response to footshock in the dorsolateral striatum. Interestingly, the response of the saline and amphetamine groups was very similar and these groups did not differ statistically on any measure; but both differed from ~o~-ha~dle~ animals in the same fash- ~u~~~~~~ ~c~~~~~}~s-Tbere was ~o~side~~bl~ variation in the effects of footshock on concentrations of DA in the nucleus accumbens [ Fig. l(M) ], and the only significant difference to emerge was that salinetreated rats had smaller concentrations of DA than amphetamine-treated rats (Fg = 9.6, P = 0.004). The effect of footshock on concentrations of DOPAC was more consistent
[ Fig. l(N) ], and the pattern was similar to that seen in the dorsolateral striatum, Both saline (Fg = 5.8, P = 0.022) and amphetamine groups (Fg = 5.49, P = 0.026) had larger concentrations of DOPAC than non-handled animals, but did not difkr from each other. For the ~O~A~~~A ratios onfy the saline-treated animats differed from non-handled controls (Fg = 6.51, P = 0.016; Fig. 1 ). However, the values for HVA present a different picture of the effects of pretreatment condition on footshack-induced changes in metabolism of DA in the nucleus accumbens.
There was no difference between the two control groups in the effects of footshock on concentrations of HVA, but rats pretreated with amphetamine had significantly greater concentrations of HVA than both non-handled (Fg = 8, I, P = 0.008) and saline groups f& = 6.58, P = 0.014). This is more similar to the situation for DOPAC,DA ratios in the hypothalamus than for metabolism of DA in the dorsolateral striatum. To summarize:
(1) The initial depletion of DA produced by footshock was generally greater in amphetamine-pretreated than in non-handled control rats in ail four regions of the brain; (2) The elevation in levels of metabolites of DA or of metabolite/ transmitter ratios was generally greater in amphetamine pretreated than non-handled control rats; and (3) pretreatment with saline tended to produce similar effects to pretreatment with amphetamine in some regions. Figure 2 illustrates the effects of footshock on plasma concentrations of f3-endorphin. Because the increase in P-endorphin in plasma produced by footshock stress is primarily due to fl-endorphin released from the anterior lobe of the pituitary, this provides an index of anterior lobe responsiveness in nonhandled, saline-, and amphetamine-treated rats (Young, Lewis and Akil, 1987). As expected, foot-) concentrations of ~-e~d~rp~in-like material in plasma (femt~m~kes/~.5 ml of plasma) in nonangled control (N, open circles), sai~ne-injected control {s; open ~r~an~~e~), and rats pretreated with am~~ctarni~c (A; closed circles) given no f~~ts~~k (Q), 5 min of f~~~~~~k or 3~~~~ of f~~tsh~k prior to d~a~~tat~o~~ The asterisk indicates that rats pretreated with arn~~eta~i~~ di~~red si~~~fi~a~tl~ from ~~~~a~~~gd ~~~~ro~ rats (a-way ANOVA; P = ~.~2~). The di~~rence between the saline-pretreated and ~o~~~~d~~d control groups did not quite reach stat~~ti~~ shock produced a very large (approx. 10 fold) increase in the plasma concentrations of ~~~dorp~in in all groups (I% = 54.9, P c: OSXH). However, there was also a si~~~~~~t effect of the pretreatment e~~dit~#n (&way A~~VAs).
B. ~~~~~~ ~-~n~~r~~~~ anb ~-~~~t~~~t~d ~~~~d~r~~in
Animals pretreated with amp~et~i~e shaped a greater elevation in ~~asrn~ ~~e~dorp~~~ in response to f~~tsb~k than no~~~andled controls (Fg = 5.24, P = 0.02~), but not differ from salute-treate Rats pretreated with saline also ~~~~~~~~ response to footsho~k compared to nonbandled animals, but this ifference did not quite reach statistical significance (i"=i = 2.75, P = 0.072). Some plasma samples were also assayed for cot%-eosterone, Although the data are not shown, group d~~erences in ~o~~e~tratjons of c~rtieostero~e in ~~asrna followed the same patters as ~~~do~h~n. This was as ex~ec~ed~ because ACTS and fi-endorphin are tb~~gbt to be released together from the same cells in the anterior pit~i~ry. Figure 3 illustrates the effects of ~~ots~~ck on originates entirely in the in pituitary, it provides an i i~te~ediat~ lobe (Akil ef ai., 1985) and helps correct for the ~ont~butio~ of NAG ~-~nd~~hin immu~o-activity to total ~-e~dorphin ~mmun~reactivity~ ot~~o~k greatly increased NAc ~-e~dor~hi~ in ~i~srna in all groups (Fs = 11 Xl, P < ~.~~~). ~~wever~ animals pretreated with amphetamine showed a sig~~fi~a~tl~ greater elevation in plasma NAe ySe~do~bi~ than either ~o~~hand~~d (J;g = 4.3, P = ~.~~) or salute-treated animals (Fg = 5.9, P = 0,018; Fig. 3) The latter two groups did not differ from each other (P > 0.37).
It is clear from inspection of the standard error bars in Figure 3 that there was a great deal of individual variation in the response of the intermediate lobe of the pituitary to f~ot~h~~k, es~e~a~ly in rats pretreated with etami~e. To dete~ine ~bether individual vat-i in the DA response to fo~tsho~k was associated with oranges in ~o~~e~-tratio~s of NAc ~-e~dorphj~ in plasma, selected correlation coefficients were culated. It is interesti~g that in rats pretreat with amphetamine, given 5 min footsboc~~ re were signi~ca~t correlations tween ~o~~entratioms of NAc ~-~ndo~hi~ in plasma and at least one index af activity of DA in all the regions of the brain sampled. For example, there was a itive correlation ~tw~e~ ~o~ce~trat~~~s of NAc ~dorph~~ in plasma and ~VA~~A ratios in the dorsolatera~ striat~m [r = 0.71, P = 0.~5~), ~~~AC~~A ratios in the medial frontal cortex (r = 0.76, P = O&35), coneentrations of HVA in the nucleus acc~rn~~s (r = 0.76, P = ~.~35) and ~OPAC~~A ratios in the hy tba~amus (r = 0.85, P = ~.0~2~. This sample is too small to draw any firm ~on~~~sio~s, but the cot= relations suggest that some of the variation in the pituitary response to f~~tsh~~k stress is associated with variation in the d~~arni~er~~~ response to footshock. 
DISCUSSION
There has been some debate in the literature regarding the regional specificity of stress-induced changes in the activity of DA. There is a consensus that footshock stress enhances utilization of DA in the medial frontal cortex, as indicated by the concentrations of DOPAC, DOPAC/DA ratios, or the rate of decline in DA after inbibitio~ of tryosine hydroxylase fDeutch, Tam and Roth, 1985; Fadda et al., 1978; Herman et al., 1984; Lavielle, Tassin, Thierry, Blanc, Herve, Barthelemy and Glowinski, 1978; Thierry et ai., 1976) . ~ootshock stress atso enhances the synthesis of DA in the medial frontal cortex, as ~~dicated by the aecum~~ation of DOPA ~Re~~hard, Bannon and Roth, 1982) ; a~tho~~b immobi~~zatio~ stress may not (Watanabe, 1984) . However, there is considerably less agreement about whether stress in~ne~ces the activity of DA in other neural regions. Some authors have argued that footshock stress enhances only meso~orti~al activity of DA (Deutch rt al., 1985) , whereas others have found more widespread effects (see below). The results reported here do not support the idea that the dopaminergic response to footshock stress is exclusive to the mesocortical system, but do support the idea that the magnitude of the response varies greatly in different DA-containing regions (e.g. Dunn and File, 1983; Dunn and Kramarcy, 1984) .
Although the effect was smaller than in the medial frontal cortex, footshock stress clearly elevated the metabolism of DA in the nucleus accumbens, consistent with many previous reports (Dunn and File, 1983; Fadda et aJ., 1978; Herman er al., 1984; Speciale, Miller, ~c~~l~en and German, 1986; Tissari, Argiolas, Fadda, Serra and Gessa, 1979; Thierry et al., 1976) . Rut not all research workers have found that footshock stress i~~~en~es the metabolism of DA in the nucleus accumbens (Deutch ef al., 1985; Lav~e~le er al., 1978) . ft is i~t~~~stin~ that in none of the previous studies on f~otsho~k-induced changes in the metabolism of DA in the nucleus accumbens were values for HVA reported, and in the present study stress-induced changes in concentrations of HVA were consi rably greater than the charges in concentrations of DQPAC (an approximately 32 vs 81% increase respectjvely; for pooled control groups). This suggests that HVA may provide a more sensitive indicator of stress-induced changes in the metabolism of DA than DOPAC {see below).
There is much less agreement regarding the effects of stress on other DA-~o~ta~ni~g regions. Of relevance here is the finding that footsbo~k elevated concentrations of DA, concentrations of DOPAC and DOPAC/DA ratios in the hypothalamus. This suggests enhanced utilization and synthesis of DA and is consistent with previous reports that stress enhances concentrations of DA in the hypothalamus (De Souza and Van Loon, 1986; Goldstein, Sauter, Ueta and Fuxe, 1980; Weiss, Bailey, Pohorecky, ~~r~eniowski and Grillione, 198~) . as well as DOPAC/DA ratios (Johnston, Spinedi and NegroVilar, 1985) and synthesis of DA in the arcuate nucleus (Hedge, van Ree and Versteeg, 1976) . Wowever, others have reported that stress produces either no changes in the activity of DA in the hypothalamus and median e~i~e~~~ (Fadda et al., 1978; Kramarcy, Delaney and Dunn, 1984; Palkovits, Kobayashi, Jacobo~tz and Kopin, 1975; Szentendre~, reman, Kanyicska and Fekete, 1980) or decreases in concentrations of DA in the arcuate nucleus and utilization of DA in the median eminence (Demarest, Moore and Riegle, 1985; ~a~kovits et a/., 1975) .
There is also uncertainty over whether stress activates DA activity in the striatum. Most research workers have reported that stress has no in~uence on DA, DOPAC or DOPAC/DA ratios in the striatum (e.g. Deutch et al., 1985; Fadda et al., 1978; Lavielle et al., 1978; Thierry et al., 1976) . ~~~s~ste~t with this, footshock did nat affect the ~onc~~trati~ns of DA or AC in the striat~m in the present study. However, evidence from ~le~trophys~oIo~ica1 and in ciz!o electrochemical studies suggest that strong environmental stresses do increase the activity of DA in the nigrostriatal system (Curzon et al., 1979; Ikeda et ai., 1984; Kelier, Stranger and Zeroed, 1983; Antelman and Chiodo, 1983; 1984 for review), which is consistent with the elevation in concentrations of HVA in the striatum reported here (also see Dunn and File, 1983; Speciale et al., 1986) . As in the nucleus accumbens, HVA may be a more sensitive indicator than DOPAC of stress-~nd~~~d changes in the metabolism of DA, perhaps because HVA is the product of both DOPAC and 3-metboxyt~ramj~~ d~~adatjon. Concent~at~ons of DOPAC would not reflect changes in 3-methoxytyramine formed following release of DA, and it has been suggested this metabolic pathway may appoint for 2~--~~~~ of the metabolism of DA (Kehr, 1976; Waldmeier~ Laubes, Bium and Richter, 1981; W~sterink and Spaan, 1982) .
This brief review of the literature clearly shows that there are many apparent discrepancies regarding the effects of footshock on the activity of DA in brain, especially in the striatum, nucleus a~~~rnbe~s and h~~tha~arn~s. However, there are many interacting factors that inquest the neural response to stress, and any or all of these could ~~~tr~b~te to these discrepancies, including (1) The stress: It is well established that the nature and intensity of the stress is an important variable ~A~isrna~, 1978; Dunn and Kramarcy, J984), and this varies greatly ~tween studies. (2) Time ccsurse: The results presented here clearly indicate that indices of the metabolism of DA change dramat~~aily over time following the application of footshock (Fig. 1) . Therefore, very different conclusions wouid be reached depending on the point~s) in time sampled in a particular experiment. (3) Region: The neural region sampled and exactly how it is defined and dissected is of great importance. For example, Johnston et al. (1985) sampled 7 discrete hypotbalam~~ nuclei and found stress-budded changes only in the rostra1 portion of the arcuate nucleus. It is equally likely that discrete subdivisions of the m~sostriatal, rnesol~mb~~ or mesoc~~tiGai DA systems also respond di~ere~tly to stress. (4) The measure af activity of DA: It is obvious that different indices of activity of DA frequently give different answers and many more than one approach will be ~~q~r~d before a ~0~~~~~~s is reached ~o~c~~iug the nature of the dopaminergic response to stress. (5) Motor activity: The application of a stress can produce many changes in the brain that may be unrelated to the "'stressful" characteristics of the stirn~l~s~ For example, it is quite possibIe that the changes in the metabolism of DA in the striatum (HVA) reported here are due ta footshock-induced changes in motor activity. Animals trained to locomote show iner~a~s in the metabolism of DA in the stratum similar to those produced by footshock that elevates motor activity (Freed and Yamamoto, 1985; Speciale et al., 1986 : also see Keller et ai., 1983) . On the other hand, in aide el~troc~emical studies have shown that diazepam blocks the elevation in DOPAC in the striatum produced by swim stress, suggesting that it may be possible to dissociate motor activity from effects of stress in the striate (Ikeda and Nagatsu, 1985) . (6) Sex: There are striking sex differences in the response to stress (Robinson and Becker, 1986) . Females show a greater response to acute an do males, as indurated by a darner of indices of hypothalam~pituitary-adrenal axis activity (Kant, Eenox, Bunnell, Mougey, Pennington and ~~ye~hQff, 1983; Kitay, 1961) . Females also show a greater response to acute administrator of amphetamine (Becker et al., 1982; Robinson, Becker and Ramirez, 1980 .) Of particular relevance to this study are reports that females show more robust sensiti~t~on to either repeated treatment with am~het~i~e (~ob~~sou, 1984) or repeated footsho~k stress (Hennessy, Levin and Levine, 1977) than do males, and this is not affected by ovariectomy. Ovarie~tomiz~d female rats were used here because previous studies suggested that the enduing effects of amphetamine would be easier to identify in female animals (Camp and Robinson, 1985) . The use of female rats may have co~t~b~ted to the more widespread effects of footshock seen here, relative to what is usually reported in male rats. (7) Prior experience: Finally, the past experience of an animal influences its response to subsequent stress, and this is discussed The major purpose of the present exp~r~rn~ut was to determine if the repeated i~te~ittent administration of amphetamine produced enduring changes in the response of DA-containing neurons in the brain or of the hypothalamo-pituitary-adrenal axis to subsequent footshock stress, The answer to this question is clearly, yes. ~tho~g~ the exact e&&s varied as a function of time follo~ng the appIi~ation of footshock, rats pretreated with amphetamine generally showed a greater initial decline in c~~~~-trati~ns of DA than did ~o~-ha~dl~ control animals s of the brain ~mpled. compared ed controls, rats pretreated with amphetamine also showed a greater elevation in ~o~~ent~tio~s of DOPAC and HVA in the dorsolater~I stratum and nucleus accumbens, and of DOPAC/DA ratios in all 4 regions of the brain. In contrast, there was no effect of pretreatment with amphetamine on the decline in concentrations of NE in the ~y~thaIam~s produ~d by footsbock. In addition, footshock produced a greater elevation in levels at fi-endorphin and NAc fi-endorphin in plasma in am~het~ine-pretreated than in nonhandfed control rats. Because the increase in plasma ~-endo~hin and NAc. ~-Endo~hin produced by footshock stress has been shown to reflect release from the anterior and ~nte~ediate lobes of the pituitary, res~tiveIy (Akil et al',, 1985; Young et ai., 1987) , these latter data suggest that sensitization to amphetamine enhances the response of the pituitary to subsequent footshock.
~ufort~~ately~ it is not a simple matter to interpret the effects of footshock on the eoncentratio~s of DA and of metabolites. Generally, an elevation in con~entratious of m~tabolites or the metabolite~ transmitter ratios is taken to indicate enhances utilization of DA (Korf, ~rasdijk and Westerink, 1976; Roth, Murrin and Walters, 1976; Reinhard, 1984 for review) . But when this is accompanied by a large reduction in the eo~~e~trat~Q~s of DA, the elevated DOPAC/DA ratios become di~c~lt to interpret. For example, the effects of footshock on the medial frontal cortex of rats pretreated with amphetamine are illustrated in Figure I . It is possible that the decrease in ~o~~~trations of DA seen after 5 min of footshock reflect depletion of DA due to greatly increased releases of DA, and the subsequent increase in ~on~e~tratjo~s of DA an increase in synthesis to &om~nsat~ for the enhanced release. In this case, the elevated D~PAC~DA ratio at 5 min would reflect this enhanced release. The decline in the DOPAC/DA ratio at JOmin could indurate that even with enhanced synthesis of DA rats pretreated with amphetamine could not sustain these high rates of release of DA. However, it is not possible to make such strong inferences regarding the utilization/ release or synthesis of DA from these measures, because under some conditions changes in the metabolism of DA can be completely dissociated from changes in the ~tili~tion/r~lease of DA (especially of p~y~~oaet~ve drugs; e.g. ~ommissio~g, 1985; DiChiara and Imperato, 1985) . Furthermore, it has been reported previously that sensitization to amphetamine is not accompanied by changes in the synthesis of DA in the striatum (Kuczenski and Leith, 1981; Nishikawa et al., 1983) . Therefore, these results need to be ~~~firrned with more direct measures of utilizat~o~~releasc of DA before making strong inferences abaut the nature of the neural changes involved.
Nevertheless, at the very least the data establish that prior treatment with amphetamine changes the dopaminergic response to subsequent footshock stress; and to the extent that a decline in concentrations of DA and an elevation in concentrations of metabolites of DA or metabolite/transmitter ratios reflect an increase in utilization/release of DA, the data suggest that the change consists of an enhanced DA response to stress. That animals pretreated with amphetamine are ~y~~rsensi tive to subsequent stress is further supported by the increase in the response of the pituitary to footshock, as indicated by elevated concentrations of P-endorphin and NAc /I-endorphin in plasma. It is curious that the activity of DA appears to be enhanced in the hypothalamus of rats pretreated with amphetamine co~cam~ta~t with enhanced release of NAc ~-endorphin.
It is thought that tuberohypsphyseal DA neurons, innervating the intermediate lobe of the pituitary, inhibit the release of NAc P-endorphin (Holzbauer and Racke, 1985) . 'I'herefore, enhanced utilization of DA in the hypotbalamus would be expected to be associated with a decrease, not an increase, in concentrations of NAc P-endorphin in plasma. There are many possible explanations for this apparent discrepancy. For example, it is possible that the smaller concentrations of DA in the hypothalamus of rats pretreated with amphetamine actually indicate decreased, rather than increased activity of DA in the hypothalamus. In addition, a number of other neurotransmitter systems modulate the release of NAc /?-endorphin,
and as yet undetermined changes in these could overwhelm any changes in DA-containing systems. Along these lines, NE and epi~ephri~e induce the release of NAc ~-~~dor~hin from cultured intermediate lobe (Cote, Munemura, Eska and Kebian, 1980; Pettibone and Mueller, 1981; 1982; Vale, Vaughn, Smith, Yamamoto, Rivier and Rivier, 1983) 1985) . Alternatively, release of NAc ~-endorphin produced by footshock may be secondary to release of catecholamines from the adrenal (Berkenbosh et ul,, 1984) 
The efect of prior experience. II. Sensitization to stress
Not only did prior exposure to amphetamine alter the DA response to s~bscq~ent fo~tshock stress, but a series of "control" saline injections produced comparable effects in some regions of the brain. Footshock produced a greater response in rats pretreated with saline than in non-handled rats on all measures of activity of DA in the dorsolateral striatum, and the saline group did not differ from the amphetamine group on any measure. In the nucleus accumbens. faotshock produced a greater elevation in DOPAC and DOPAC/DA ratios in saline-pretreated than non-handled rats, but these groups did not differ in concentrations of HVA. In the medial frontal cortex, 30min of foots~ock elevated concentrations of DOPAC to a greater extent in saline-treated animals than in either non-handled or amphetamine-treated rats. Therefore, in the nucleus accumbens and dorsolateral striatum, and to some extent in the medial frontal cortex, there was a clear tendency for previous injections of saline to elevate the dopan~inerg~c respouse to subsequent footshock. In addition, footshock tended to produce a greater elevation in fl-endorphin in plasma in saline-treated than in nonhandled animals, although the difference was not quite statistically significant (P = 0.72).
The effects of pretreatment with saline were more pronounced than expected, but they are not surprising when considered in light of accumulating evidence that repeated intermittent stress sensitizes DA systems and the hypothalamo-pituitary-adrenal axis. Repeated intermittent (e.g. once daily) exposure to uncontrollable stress does not result in habituation to the stress (~~~~essy and Levine, 1977) , but in contrast, often pro uces an enhancement in many neural, endocrine and behavioral responses to subsequent stress or treatment with amphetamine (Akil et al., 1985; Anisman and Sklar, 1979; Antelman et GE., 1980; Antelman and Eichler, 1979; Hennessy et al., 1977; Robinson et al., 1985; Stanford, Filfenz and Ryan, 1984; Tache, Du Ruisseau, Tache, Selye and Collu, 1976; Wilcox eb al., 1986; Young and Akil, 1985; Antelman and Chiodo, 1983 for review). An intraperitoneal injection of saline and the associated handling clearly stresses an animal, as indicated by a prominant elevation in plasma corticosteron~ (Sakel~aris and Vernikos-Danellis, 1975) . Therefore, the effects of treatment with saline reported here are consistent with the idea that repreated stress sensitizes animals to the effects of subsequent stress, and in particular, the dopaminergic response to stress (Antelman and Chiodo, 1983) .
If ampbetami~e and stress are i~t~~cha~geable in sensitizing DA systems in the brain, as previously suggested (Antelman and Chiodo, 1983: Post, 197S) , then the difference in the effects of amphetamine and saline reported here may be only quantitative. It seems reasonable to think that an injection of amphe~mine would be more stressful than an injection of saline, in which case the more robust effect of prior treatment with amphetamine may simply reflect this quantitative difference. However, it is not possible to rank order a series of dissimilar stresses on a hypothetical "strength" continuum, so this is a difficult comparison to justify. In addition, it is not known if the sensitization produced by different agents has the same biological basis. Therefore, the differences in the sensitization produced by amphetamine and saline could reflect qualitative rather than quantitative differences. It is interesting, however, that the enhancement of NAc B-endorphin in plasma produced by prior treatment with amphetamine was very similar to that produced by prior footshock stress (Akil et al., 1985) suggesting that both chronic administration of amphetamine and chronic footshock stress induce the intermediate lobe of the pituitary. But regardless of whether sensitization to amphetamine and stress are interchangable, the similarities in the enduring effects of injections of amphetamine and saline on DA systems in the brain and behavior make the choice of an appropriate control group difficult. If an injection of saline and an injection of amphetamine are in fact two levels of the same factor, then clearly, a saline-injected rat does not constitute a "no treatment" control.
In conclusion, the experiments reported here establish that: (1) Repeated intermittent treatment with amphetamine produced enduring changes (at least for 7 days) in the response of mesotelencephalic and hypothalamic DA neurons to subsequent footshock stress. (2) Sensitization to amphetamine was accompanied by an enduring enhancement (at least for 7 days) in the release of /I-endorphin and NAc fi-endorphin, produced by subsequent footshock stress. (3) Repeated stress (injections of saline) produced enduring changes in DA systems in brain that were to some extent comparable to those produced by amphetamine. It is suggested that the effects of prior experience with amphetamine on neural and endocrine responses to footshock stress described here may be related to the enduring hypersensitivity to the psychotogenic effects of stress seen in former amphetamine addicts (Utena, 1966; 1974) . More generally, the data suggest that enduring changes in DA systems in the brain and in the hypothalamopituitary-adrenal axis produced by stressful past experiences or use of a stimulant drug could predispose susceptible individuals to stress-precipitated psychopathology involving the dysfunction of DA in the brain.
